ABSTRACT OBJECTIVES This study sought to investigate the association of exercise intolerance in type 2 diabetes (T2DM) with skeletal muscle capillary blood flow (CBF) reserve.
However, blood flow reserve at the muscle capillary level (i.e., site of oxygen/substrate exchange) relies on microvascular function as well as on upstream hyperemia. Indeed, blunting of muscle capillary blood flow (CBF) during forearm contractions is described in T2DM patients with microvascular complications (9) and unites with slowed or reduced flow reserve during submaximal exercise (7, 10) . These observations certainly argue for important roles for peripheral vascular sequelae; however, associations with maximal exercise capacity in T2DM-particularly relative to left ventricular (LV) dysfunctionare unknown.
In the current study of patients with T2DM
without concurrent cardiovascular disease, we sought the association of skeletal muscle CBF reserve with exercise capacity (peak oxygen uptake [VO 2peak ]) independent of LV functional reserve and other potential covariates.
Skeletal muscle CBF (contrast-enhanced ultrasound) (11) and LV function (echocardiography) were assessed at rest and immediately following maximal treadmill exercise. In accordance with usual image acquisition times (14) , post-exercise echocardiography was completed within 1 to 2 min after exercise (views for wall motion analysis were prioritized and completed first).
Contrast-enhanced ultrasound was performed during the subsequent w2.5 to 3.5 min (i.e., all imaging protocols completed by w3.5 to 5.5 min post-exercise).
During treadmill exercise, an electrocardiogram (ECG) was recorded continuously and BP was measured during the final minute of each stage. excluded. The heart rate response to exercise (chronotropic index) was quantified by heart rate reserve (peak À resting heart rate) as a percentage of agepredicted heart rate reserve (12) . Antihypertensive therapy was withheld for the preceding 24 h.
CONTRAST-ENHANCED ULTRASOUND. Contrast-enhanced ultrasound for skeletal muscle CBF was performed according to a protocol modified from Vincent et al. Clinical characteristics of the final study population (n ¼ 134) are displayed in Table 1 . On the basis of Values are mean AE SD, n (%), or median (interquartile range).
ACE ¼ angiotensin-converting enzyme; ARB ¼ angiotensin receptor blocker; BP ¼ blood pressure; HbA1c ¼ glycosylated hemoglobin; HDL ¼ high-density lipoprotein; LDL ¼ low-density lipoprotein; VO2peak ¼ peak exercise oxygen uptake.
Muscle Perfusion and Exercise Capacity in Diabetes established normative data for VO 2peak , mean exercise tolerance was <30th percentile for age and sex (21) .
The patients were mostly overweight or obese, but demonstrated relatively favorable cardiometabolic risk factor control (i.e., HbA 1c , BP, and lipids) and were predominantly treated by oral hypoglycemic medications rather than insulin. Echocardiographic data ( Table 2) Examination of constituents of muscle CBF revealed that VO 2peak was related to capillary blood volume at rest and post-exercise ( Figure 1A) . However, no correlation was observed with capillary blood volume reserve ( Figure 1B) . In contrast, higher capillary blood velocity post-exercise, but not at rest, was associated with higher VO 2peak ( Figure 1C ). In addition, capillary blood velocity reserve was positively related to VO 2peak ( Figure 1D ). Furthermore, the chronotropic index, but not SVI However, no independent associations were observed between VO 2peak and any of these 4 variables (p > 0.10) in the subgroup in whom they were measured (n ¼ 117).
Within all models in Table 3 Models 1, 2, and 3 were separate multiple linear regression analyses performed according to the enter method. In addition to the independent variables displayed, each model included age, sex, body mass index, resting systolic blood pressure, glycosylated hemoglobin, diabetes duration, previous/current smoking, hemoglobin, b-blockade, and DMAP. These were selected on the basis of a current relation with VO2peak or-in the case of DMAP-potential covariance with LV functional or muscle CBF reserve indexes.
CBF ¼ capillary blood flow; MAP ¼ mean arterial pressure; VO2peak ¼ peak exercise oxygen uptake; other abbreviations as in Table 2 .
Correlations of VO 2peak with absolute values of muscle capillary blood volume both at rest and postexercise may be explained by structural factors; specifically, differences in capillary density (which may be abnormal in T2DM) (24) between patients with low versus high VO 2peak . The apparent dissociation of VO 2peak with capillary blood volume reserve is consistent with normal exercise-mediated capillary recruitment in animal models of diabetes (25) and in uncomplicated T2DM patients (9) . However, this result should also be considered in the context of w25% of the study cohort demonstrating a para- That these and other muscle groups would be activated to varying degrees during exercise (e.g., due to differences in gait) may also heighten regional variation and thereby confound CBF reserve measures.
STUDY LIMITATIONS. Muscle CBF parameters are known to be affected by peripheral artery disease (22) , which we did not screen for objectively. However, the absence of lower extremity symptoms on maximal exercise testing combined with the absence of apparent coronary artery disease on stress echocardiography, collectively point to a low probability of this condition in this cohort.
In evaluating correlates of exercise capacity, we have not considered training status, pulmonary factors or the mitochondrial dysfunction of skeletal muscle in T2DM (26) . Nonetheless, our multivariate models explained up to 70% of the variance in VO 2peak . The standardized coefficients for LV functional reserve and muscle CBF reserve were relatively low in these models, indicating that a large proportion of explained variance reflected contributions from model covariates; however, because T2DM-related exercise intolerance is multifactorial, it may be expected that associations with any 1 single factor would be modest. Moreover, VO 2peak will always depend to a certain extent on nonmodifiable factors such as age and sex. Of course, the cross-sectional study design precludes assumptions of causation and the extent to which independent correlates are abnormal in T2DM will require comparisons with a nondiabetic control group.
Previous work in this field has investigated LV function and muscle blood flow during submaximal exercise (7, 8, 10, 18 ). This contrasts with the current study, where cardiovascular reserve was based on measurements taken post-maximal exercise.
Although each approach is associated with its own advantages and limitations, we focused on maximal exercise testing because of the robust evidence supporting prognostic significance of peak exercise capacity (5) and because of previous success in the application of post-exercise echocardiography to determine factors predictive of exercise intolerance in heart disease (27) . Maximal exercise testing may also reveal deficits in cardiovascular function that remain hidden in the setting of less potent hemodynamic stresses imposed by submaximal exercise. 
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